Micro-tubular solid oxide fuel cells operating in fuel-rich combustion exhaust are explored in this work and their benefits in reducing the balance of plant in fuel cell systems is discussed. The current state of performance of these micro-tubular flame-assisted fuel cells operating with methane fuel is described and the benefits of operating in propane fuel are explored. An experimental investigation of propane combustion at different fuel/air equivalence ratios is conducted. Temperature measurements of the propane combustion are recorded with thermocouples while the gas species present in the exhaust are measured with a gas chromatograph. Propane is found to have advantages over methane due to a higher upper flammability limit and higher percentages of hydrogen and carbon monoxide, i.e. syngas, generated in the combustion exhaust. A micro-tubular flame-assisted fuel cell is tested using the four probe technique in model propane combustion exhaust at different equivalence ratios and temperatures. A method for comparing the performance of the fuel cell in the combustion exhaust to a hydrogen fuel baseline is developed and comparisons are made. The benefits of operating in propane compared to methane are explored with the potential for fuels like propane and butane being distinguished by their higher upper flammability limits and potential for higher concentrations of syngas in the combustion exhaust.
Introduction
Solid oxide fuel cells (SOFCs) are electrochemical energy conversion devices having the advantages of high efficiency, no noise, no moving parts, low emissions and medium to high fuel flexibility compared to alternative power generation systems. Despite the advantages, challenges in SOFCs include slow startup and limited thermal cycling because it is challenging to create a robust seal on the ceramic SOFC materials and other balance of plant (BoP) components. This is a significant challenge in a dual chamber configuration in which the fuel cells are sealed to create separate fuel and oxidant chambers (Milcarek et al., 2016e; Milcarek et al., 2016f) . To avoid the sealing challenges a single chamber configuration (Priestnall et al., 2002; Raz et al., 2002; Riess 2008; Riess et al., 1995) and a no-chamber, Direct Flame Fuel Cell (DFFC) (Endo and Nakamura 2014; Horiuchi et al., 2004; Kronemayer et al., 2007; Sun et al., 2010; Vogler et al., 2010; Wang et al., 2008; Wang et al., 2015; Wang et al., 2011; Wang et al., 2014b; Wang et al., 2013; Yu-guang Wang et al., 2014; Wang et al., 2014a; Zhu et al. 2012) , have been proposed. While the DFFC configuration can perform rapid startup and thermal cycling, challenges persist with low fuel utilization, electrical efficiency, and thermal stresses due to an uneven temperature distribution of the flame over the fuel cell surface (Wang et al., 2015 (Wang et al., , 2011 Wang et al., 2014b) .
A recent innovation on the DFFC design is to continue to utilize the flame for reforming of hydrocarbons to syngas and as a thermal energy source for the SOFC, while also utilizing a dual chamber configuration with sealing only on one end of a micro-tubular SOFC (mT-SOFC) (Milcarek et al., 2016a; Milcarek et al., 2016b; Milcarek et al., 2016c; Milcarek et al., 2016d) . This DFFC operating in a dual chamber configuration has been termed a Flame-assisted Fuel Cell (FFC) . With the introduction of a dual chamber, there is a need for a first stage fuel-rich combustion process and a second-stage fuel lean combustion as shown in Fig. 1B . Fuel-rich combustion in a dual chamber configuration generates syngas along with other products of combustion. A portion of the syngas is electrochemically converted to electricity in the FFC while the second stage fuel-lean combustion burns any remaining syngas allowing for maximum heat recovery. Limiting the sealing requirements to one end of the micro-tubular SOFC maintains the advantage of rapid startup for the SOFC while having the SOFC not operate directly within the flame can reduce the thermal stresses on the SOFC surface. Fuel utilization of the syngas as high as 34% at an operating voltage of 0.5 V has been reported in this setup when using methane fuel (Milcarek et al., 2016c) . A peak power density of 430 mW.cm -2 has also been achieved with methane fuel, which is comparable to the power densities achieved with hydrogen fuel in many commercial systems (Milcarek et al., 2016d) . The FFC maintains another advantage of the DFFC which is high fuel flexibility as many different solid, liquid and gaseous fuels can be used to generate electrochemical power (Horiuchi et al. 2004 ). These advantages may allow the FFC dual chamber configuration to overcome some of the challenges in the DFFC setup. However, more work remains to demonstrate the peak efficiency of these systems.
One of the additional advantages of the FFC dual chamber setup, which is shared with the no-chamber DFFC, is the system simplifications that result from using combustion as a reformer and thermal energy source. Instead of using a complex multi-stage reformer system having multiple heat exchangers and heat sources often required for partial oxidation and water gas shift reactions, this setup only requires a burner and combustion chamber tied to the SOFCs. No preheating of the fuel or air are required as the heat of combustion raises the temperatures sufficiently for direct integration with a SOFC. Excess heat from the first stage combustor can also be used to preheat the secondary oxidation and dilution air streams shown in Fig. 1B .
While significant progress has been made with methane fuel since the FFC dual chamber configuration was introduced by Milcarek et. al. (2016d) more work is needed to investigate the potential of this concept with other fuels. Since this concept relies on gas phase non-catalytic combustion, methane fuel has obvious disadvantages including a relatively low upper flammability limit at a fuel/air equivalence ratio of 1.64 compared to propane at a fuel/air equivalence ratio of 2.83 and other fuels like methanol, ethane, ethanol and butane (Turns 2000) . Combustion at higher equivalence ratios generates larger concentrations of syngas in the combustion exhaust as predicted by chemical equilibrium analysis and observed experimentally. For example, chemical equilibrium analysis of propane combustion in air predicts over 20% H 2 and over 15% CO at an equivalence ratio of 2.4 compared to only around 10% of each for methane combustion at an equivalence ratio of 1.64 (i.e., the upper flammability limit). As a result, fuels with higher upper flammability limits may have advantages in generating higher syngas concentrations, which results in higher power densities and higher electrical efficiencies as observed in previous work (Milcarek et al., 2016a; Milcarek et al., 2016c) . However, methane does have a higher H:C ratio compared to these other fuels which provides advantages in generating more H2 compared to CO. CO has the potential to coke on Ni based anodes used in SOFCs which is a challenge for these higher hydrocarbon fuels (Achenbach 1994; Farhad et al., 2010) . Fig. 1 The innovative Flame-assisted Fuel Cell (FFC) configuration which places a SOFC in a dual chamber setup in the exhaust stream of a burner. A) Shows a potential design for the FFC stack integrated with an in-shot burner and heat exchanger/flue for a combined heat and power system. B) Shows a detailed schematic of the flow of fuel and air into the in-shot burner with fuel-rich combustion resulting in the first chamber. The fuel-rich exhaust stream is fed through the tubular SOFC for electrochemical conversion. Any remaining fuel is combusted in a second-stage fuellean combustion.
Milcarek, Garrett and Ahn, Journal of Fluid Science and Technology, Vol.12, No.3 (2017) In this work, a micro-tubular FFC (mT-FFC) stack is first investigated with methane fuel. The state of the art in development of micro-tubular FFCs with methane fuel is discussed. Propane fuel is then investigated for the first time as a fuel for the FFC dual chamber configuration. Combustion of propane is investigated with a combustion chamber operating with different fuel/air equivalence ratios above and below stoichiometry. A model propane combustion exhaust is developed based on the gas chromatograph measurements and a micro-tubular SOFC is tested in the propane exhaust. A method for comparing the performance in propane combustion exhaust to hydrogen fuel is developed and comparisons are made. 
Nomenclature

Experimental Setup
Combustion Characterization
Combustion characterization of methane fuel was reported previously (Milcarek et al., 2016c) . The details of the experimental approach taken in that work were also detailed elsewhere (Milcarek et al., 2016b) . The combustion characterization experiment using propane as a fuel is described briefly here as the approach is similar to using methane fuel. A combustion characterization chamber was developed and is shown in Fig. 2 below. The flow rates of propane fuel and air into the combustion chamber were regulated using mass flow controllers. The flow rate of propane was fixed at 5 L.min -1 throughout the experiments. The flowrate of air was adjusted in order to obtain the appropriate equivalence ratio. The fuel equivalence ratio, Φ, is defined in Eq. (1) where nfuel and nair represent the molar flow rates of fuel and air, respectively. The capital S in the molar flow rate terms in the denominator of Eq. (1) represents the molar flow rates needed for stoichiometric combustion. Thus, a fuel/air equivalence ratio of Φ=1 represents stoichiometric combustion, Φ>1 is fuel-rich combustion and Φ<1 is fuel-lean combustion. In this work, Φ is varied between 0.9 and 1.7. LabVIEW software is used with a National Instruments data acquisition module to control the mass flow controllers and provide data to the computer. One-way valves are used to help prevent flashback. The exhaust is directed to a gas chromatograph (GC) using a syringe and two-way valve. Thermocouples are placed along the length of the combustion characterization chamber for analysis of the flame and exhaust temperature.
Fuel Cell Fabrication and Characterization
Anode supported micro-tubular SOFCs (mT-SOFCs) were manufactured by extruding Nickel oxide -Ytrriastabilized zirconia (NiO-YSZ, 60:40 w/w) anode tubes. The anode tube was dried for 48 h and then pre-fired to 1000˚C for 4 h in air. A YSZ electrolyte layer was spray deposited onto the anode tube, dried and sintered to 1400˚C for 4 h. Details for the spray deposition technique were reported previously (Milcarek et al., 2016f ). The sintered anode had an internal diameter of 2.4 mm and an external diameter of 3.2 mm. The sintered electrolyte was approximately 6 µm thick. A Lanthanum strontium manganite (LSM) and YSZ cathode (50:50 w/w) was spray deposited onto the electrolyte and sintered to 1100˚C for 2 h. The active area of the fuel cell based on the internal diameter was 1.67 cm 2 . Electrochemical testing of the fuel cells was conducted using the current-voltage (I-V) method with the 4-probe technique. A Keithley 2420 Sourcemeter was interfaced with a computer for data acquisition. The open circuit voltage (OCV), power density and polarization were assessed using this method. A K-type thermocouple was placed on the mT-SOFC cathode during testing to measure the fuel cell temperature.
Fuel Cell Testing
Based on the combustion characterization described in section 3.1, a model propane combustion exhaust composition was premixed using the main constituents of the dry combustion exhaust, i.e., H2, CO, CO2 and N2. All other gases measured in the combustion characterization step were small (<0.3%) and were not included in the model exhaust. The model combustion exhaust was regulated with mass flow controllers as shown in Fig. 3 . The flow rates used for each of the gas components are shown in Table 1 . At different first-stage combustion equivalence ratios of 1.2, 1.3, 1.4, 1.5, 1.6 and 1.7, the flow rates of each gas species are shown. The flow rates were determined by multiplying the concentration of each gas measured in the GC by the total flow rate of the exhaust going to the fuel cell. The concentrations used are shown in Fig. 5 of Section 4 "Results and Discussion." More details for calculating the flow rates were reported previously (Milcarek et al., 2016b) . As the total flow rate of fuel is fixed and the air flow rate varies in the combustion characterization experiment described in section 3.1 the total flow rate of exhaust to the fuel cell varies at each equivalence ratio. One-way valves were placed on the fuel streams to prevent flashback. A furnace was used to heat the SOFC to operating temperatures of 700˚C and 800˚C for testing. After assessing the performance in the model propane combustion exhaust the fuel cell was tested in pure H 2 at flow rates of 12.7 mL.min Valves are connected to a gas chromatograph for the dry combustion exhaust composition analysis. LabVIEW software is used to control the mass flow controllers and display temperature readings from the thermocouples.
flow rates used for model methane combustion exhaust were reported previously in Table 1 of the publication (Milcarek et al., 2016a) .
Results and Discussion
A 9 fuel cell, mT-FFC stack tested in model methane combustion exhaust are given in Fig. 4 below. As shown the stack obtains a reasonable power density just over 140 mW.cm -2 at an operating voltage of 0.65 V per cell and a first stage fuel/air equivalence ratio of 1.4 and operating temperature around 790°C. As shown the OCV of the stack increases as the first stage equivalence ratio increases. This is due to the higher syngas concentration at higher equivalence ratios which results in lower Nernstian losses. The ohmic losses are comparable at low current densities (i.e., below 100 mA.cm -2 ). At higher current densities the effect of the first-stage combustion equivalence ratio becomes important as the concentration losses become evident with a non-linear decrease in fuel cell voltage. However, significant concentration losses are not evident for the mT-FFC tested at equivalence ratios of 1.35 and 1.4. As a result, there is little difference between the power curves for these two equivalence ratios. Higher performance may be possible with different materials having higher activity than the LSM cathode used in this study. Future research should be conducted in that area. Table 1 Flow rate of the model propane combustion exhaust gas components at different fuel/air equivalence ratios.
While methane combustion exhaust has been reported previously (Milcarek et al., 2016c) , propane is investigated here as another fuel for the mT-FFC. The results of the propane combustion characterization, as described in Section 3.1, are shown in Fig. 5 . N 2 was not included in the figure because it has a much higher concentration than the other gas components. The concentration of O2 is nearly five percent for a fuel-lean condition at an equivalence ratio of 0.9. As the air becomes the limiting reactant at higher equivalence ratios the concentration of O2 drops to less than 0.1%. That provides an indication of reasonable mixing and high utilization of the oxidant. In addition, no C3H8 was detected at any of the equivalence ratios tested. CH4 and C2H6 were detected only at equivalence ratios of 1.6 and above. The CH4 concentration remained below 0.3% and the C2H6 concentration remained below 0.03%. Because both CH4 and C2H6 had very small concentrations, they were ignored in the model fuel development. The concentration of CO2 peaks around stoichiometry as predicted by chemical equilibrium analysis. The CO2 concentration is lower at lower equivalence ratios due to the limited fuel and decreases at higher equivalence ratios as CO becomes energetically more favorable. The performance for first stage combustion equivalence ratios of 1.2, 1.25, 1.3, 1.35 and 1.4 are shown. Fig. 5 Combustion characterization of propane fuel in air at fuel/air equivalence ratios ranging from 0.9 to 1.7. The major gas components of the dry combustion exhaust except N2 are shown along with the flame temperature.
Milcarek, Garrett and Ahn, Journal of Fluid Science and Technology, Vol.12, No.3 (2017) As expected from chemical equilibrium analysis the concentration of H2 and CO increase at higher equivalence ratios up to 12.7% H2 and 12.3% CO. While the percentage of both H2 and CO are higher at an equivalence ratio of 1.7 than the concentrations obtained when burning methane in previous work, the concentrations are lower at comparable equivalence ratios. For example, at an equivalence ratio of 1.4 for the fuel-rich combustion of methane, the concentration of H2 was 12.4% and the concentration of CO was 8.7%. In comparison, fuel-rich combustion of propane in this work results in less H2 and CO at an equivalence ratio of 1.4 with only 6.7% and 8.2%, respectively. The advantage of using propane as a fuel is not as apparent until burning at a higher first-stage equivalence ratios. As shown in Fig. 5 , the temperature of the flame also decreases to be in a better range as SOFCs typically operate at 650-1000˚C. The flame temperature is also higher than the exhaust temperature which was between 700-900˚C downstream of the flame. One of the challenges with operating at very high equivalence ratios is that CH4 and C2H6 have higher concentrations which is also apparent from chemical equilibrium analysis. Thus, the generation of syngas must be balanced with the presence of other larger hydrocarbons which can coke Ni based anodes. In this work, fuel-rich equivalence ratios up to 1.7 were investigated. As the methane and ethane concentrations remained low, they were not included in the model combustion exhaust. Future work, especially with long term testing and testing at higher first stage combustion equivalence ratios should include these smaller gas components.
After determining that the dry combustion exhaust consisted primarily of H2, CO, CO2 and N2, a model combustion exhaust was mixed as described in section 3.3. A single mT-FFC was tested in the model combustion exhaust resulting from first-stage combustion equivalence ratios ranging from 1.2 to 1.7. The flow rates chosen for each case were shown in Table 1 . The polarization and power curves for the fuel cell operating at 800˚C are shown in Fig. 6 . There is a clear trend of decreasing polarization and increasing power density at higher equivalence ratios. At an equivalence ratio of 1.7 and an operating voltage of 0.65 V, the power density was nearly 250 mW.cm -2 . The power density for the single cell is significantly higher at a comparable operating voltage and temperature than the fuel cell stack operating on methane combustion exhaust reported in Fig. 4 . This result is attributed in part to the additional interconnects associated with a stack and to the fact that the concentration of both H2 and CO were higher in the propane combustion exhaust at and equivalence ratio of 1.7 than the methane combustion exhaust at an equivalence ratio of 1.4. Another important result is that the fuel cell operating in propane combustion exhaust at the conditions just described utilized only 10% of the syngas available. The fuel utilization has been defined in previous work (Milcarek et al., 2016c) . While this is low, it is a significant improvement over DFFCs and further optimization may allow for much greater fuel utilization and electrical efficiencies. Fig. 6 mT-FFC polarization and power density curves operating in propane combustion exhaust at different first stage combustion equivalence ratios. The fuel cell is heated to a temperature of 800˚C and the flow rates of the gas components for each equivalence ratio tested are shown in Table 1 . Milcarek, Garrett and Ahn, Journal of Fluid Science and Technology, Vol.12, No.3 (2017) The single cell performance in propane exhaust was lower than the single cell performance in methane exhaust at the same first-stage combustion equivalence ratio of 1.4. For example, in methane combustion exhaust at an operating voltage of 0.65 V the power density exceeded 230 mW.cm -2 while in propane combustion exhaust it was ~150 mW.cm -2 at Φ=1.4 (Milcarek et al., 2016c) . This result can be explained by less syngas in the propane exhaust compared to the methane exhaust at the same first-stage combustion equivalence ratio. However, as propane has a higher upper flammability limit and can generate more syngas at the upper limit than methane, achieving a higher power density with propane fuel than with methane fuel was possible.
With the fuel cell tested in model propane combustion exhaust an important question is how much of an impact does a diluted fuel source like combustion exhaust have on the fuel cell performance? To assess the impact, the same cell was tested at 800˚C in pure H2 fuel. To establish an appropriate baseline for the fuel cell performance with H2 an equivalence electron potential was determined. When the fuel stream is pure H2 all of the gas flowing to the fuel cell can contribute to electrochemical reactions in the fuel cell. In the case of combustion exhaust, only the H2 and CO contribute to the electrochemical reactions and CO2 and N2 dilute the fuel. Furthermore, as the H2 and CO only make up a relatively small portion of the total flow to the fuel cell, a much smaller flow rate of pure H2 is needed in order to get the same number of electrons for electrochemical reactions in the fuel cell. Both H2 and CO offer two moles of electrons per mole of fuel. An equivalent flow rate of pure H2 can then be determined for each of the exhaust compositions representing first-stage propane combustion equivalence ratios ranging from 1.2 to 1.7. The calculations indicated that a pure H2 flow rate of 12.7 mL.min -1 has approximately the same number of electrons available per unit time as the exhaust composition representing a first-stage propane combustion equivalence ratio of 1.2. Similarly, H2 flow rates of 23.4, 37.3, 46.3 and 47.9 mL.min -1 correspond to equivalence ratios of 1.3, 1.4, 1.5 and 1.6 respectively. The fuel cell performance at 800˚C with these equivalence electron potentials from H2 fuel are shown in Fig. 7 . As the fuel cell performance in H2 representing equivalence ratios of 1.6 and 1.7 was essentially identical and hard to distinguish, the equivalent flow rate of H2 for an equivalence ratio of 1.7 was not included for clarity of the figure. At an operating voltage of 0.65 V the fuel cell achieved a power density of 520 mW.cm -2 with an equivalent electron potential as the conditions for a 1.6 first stage equivalence ratio in Fig. 6 . Thus, the mT-FFC achieved approximately 42% (compared to ~220 mW.cm -2 at 0.65 V and 1.6 first stage equivalence ratio in Fig. 6 ) of the power density it could have achieved if it was operating in pure H2 fuel. The advantages of operating in pure H2 are clear, but the simplicity of the combustion reformer and the lack of a current H2 infrastructure make the mT-FFC concept a potential option for future power generation. Fig. 7 mT-SOFC polarization and power density operating in H2 at flow rates of 12.7, 23.4, 37.3, 46.3, and 47.9 mL.min -1 at 800˚C.
As the propane combustion exhaust temperature decreased downstream of the flame, the fuel cell was also tested at 700˚C to determine the possibility of varying the placement of the fuel cell and/or extracting more heat initially from the first stage combustor. First, the mT-SOFC performance in H2 fuel with equivalent electron potentials was again assessed and is shown in Fig. 8 . At 700˚C, a H2 flow rate of 47.9 mL.min -1 and operating voltage of 0.65 V the mT-SOFC achieved a power density of nearly 240 mW.cm -2
. The mT-FFC performance operating in model propane combustion exhaust at a temperature of 700˚C is shown in Fig. 9 . With the same number of electrons available per unit time, the mT-FFC operating in the combustion exhaust achieved a power density of 125 mW.cm -2 at an operating voltage of 0.65 V and equivalence ratio of 1.6. Thus, the power density in the model combustion exhaust was approximately 52% of the performance in pure H2 with an equivalent number of electrons available. This result is comparable to that obtained above at 800°C. Fig. 9 mT-FFC polarization and power density curves operating in propane combustion exhaust at different first stage combustion equivalence ratios. The fuel cell is heated to a temperature of 700˚C and the flow rates of the gas components for each equivalence ratio tested are shown in Table 1 . 
Conclusions
Micro-tubular FFCs are a recent development that have potential to simplify the balance of plant for fuel cell systems, providing rapid startup, reduced sealing constraints and alleviating some of the challenges associated with the nochamber, DFFC design including thermal stresses due to uneven heating and low fuel utilization. Methane has been demonstrated in this work and other work to be a good candidate fuel for mT-FFCs. However, other fuels may have additional advantages. Propane is demonstrated in this work as an alternative fuel that has additional advantages due to a higher upper flammability limit than methane and a higher concentration of syngas in the combustion exhaust when operating at these higher equivalence ratios. This is an important characteristic as the mT-FFC has been tested as a noncatalytic, gas phase combustion system. A mT-FFC achieved a higher performance in propane combustion exhaust than methane combustion exhaust while operating at the higher first stage combustion equivalence ratios made possible by the higher upper flammability limit. mT-FFCs operating in combustion exhaust are found to result in approximately 50% of the power density that can be achieved with pure H 2 fuel. Continued developments in this area should focus on further investigation of other fuels for mT-FFCs. The presence of methane and ethane in the combustion exhaust at first stage combustion equivalence ratios above 1.6 are important considerations for long term testing and carbon deposition and should be included in future analysis.
